Lipid bilayer is the main constitutive element of biological membrane, which confines intracellular space. The mechanical properties of biological membranes may be characterized by various parameters including membrane stiffness or membrane bending rigidity, which can be measured using flicker noise spectroscopy. The flicker noise spectroscopy exploits the spontaneous thermal undulations of the membrane. The method is based on the quantitative analysis of a series of microscopic images captured during thermal membrane fluctuations. Thus, measured bending rigidity coefficient depends on the image quality as well as the selection of computational tools for image processing and mathematical model used. In this work scanning and spinning disc confocal microscopies were used to visualize fluctuating membranes of giant unilamellar vesicles. The bending rigidity coefficient was calculated for different acquisition modes, using different fluorescent probes and different image processing methods. It was shown that both imaging approaches gave similar bending coefficient values regardless of acquisition time. Using the developed methodology the effect of fluorescent probe type and aqueous phase composition on the value of the membrane bending rigidity coefficient was measured. Specifically it was found that the bending rigidity coefficient of DOPC bilayer in water is smaller than that determined for POPC membrane. It has been found that the POPC and DOPC bending rigidities coefficient in sucrose solution was lower than that in water. Fluorescence imaging makes possible the quantitative analysis of membrane mechanical properties of inhomogeneous membrane.
Introduction
The mechanics of biological structures is a critical property for proper functioning of any biological system. [1] [2] [3] Whereas most of research is devoted to the mechanics of protein networks alone or together with associated cellular membranes, the mechanics of lipid bilayer component of biological membranes is less frequently studied as it is widely viewed as a passive and mechanically irrelevant element of biological systems. There are, however, circumstances where the lipid bilayer mechanics is of critical importance. The flow and redistribution of intracellular membranes requiring continuous shape and topology transformations, accompanied by the lipid and membrane protein sorting, depend on the flexibility of the lipid bilayer alone and/or the lipid bilayer combined with associated proteins [4] [5] [6] [7] . Similarly the control of cell volume or signal transduction facilitated by mechanosensors requires involvement of mechanically well-defined lipid bilayers [8] . Lipid phase and topology as well as functioning of membraneassociated proteins are all affected by intra-membrane pressure that is manifested by the extent of the bilayer undulation dynamics [9, 10] . Membrane thermal fluctuations are necessary element of cell mobility and protein fibre-based trafficking of endo-membranes [11] . The mechanics of lipid bilayer is a complex material property that can be described by different theoretical models used for the identification of quantitative parameters, which experimentally determined values depend on the quality of technical infrastructure and type of methodology used [12] . The conceptual perception of the biological membrane used to formulate a quantitative biophysical theory is a direct consequence of model first proposed by of the Singer and Nicolson (fluid mosaic model [13] ). In this model the lipid bilayer is a scaffold in which various proteins are immersed in or associated with. Consequently, the most simple theoretical model of the biological membrane assumes that its mechanical properties can be reduced to these of the lipid bilayer [14] . In most of the cases the lipid bilayer can be considered as a two-dimensional surface, since its thickness (about 5 nm) is orders of magnitude smaller than the size of closed a biological membranes 
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where κ is the bending rigidity constant, κ G is Gaussian bending constant, related to the resistance to deformation during membrane topological transformation, c 0 is the spontaneous curvature of the membrane and H and K are the mean and Gaussian curvatures of the membrane surface, respectively [14, 15] . To measure mechanical properties of the lipid bilayer, the membrane deformation, caused by various stimuli, needs to be visualized. To perform such experiments the giant unilamellar vesicles (GUV) have been used [16] [17] [18] . Typically, the vesicle topology is altered by external stimulus, followed by acquisition of microscopic images of GUVs and image analysis allowing for the determination of membrane mechanical properties [17, 19, 20] . When thermally induced membrane fluctuations are analysed (the flicker noise spectroscopy technique [21, 22] ) a large number of rapidly acquired images is required. These images are usually produced with the phase contrast microscopy [17, [23] [24] [25] [26] [27] [28] or occasionally with the light sheet fluorescence microscopy [29] . Phase contrast images of membranes can be rapidly acquired, contrary to the fluorescence confocal laser scanning microscopy (CLSM), where the image acquisition is slow. However, the CLSM has the capacity to visualize membrane inhomogeneity or its intrinsic biophysical properties (charge, fluidity) making possible the correlation between membrane mechanics and other membrane affecting factors [30, 31] . In the paper two fluorescence imaging techniques, several image processing procedures and calculation methods, have been evaluated with the respect to their capacity to produce reliable values of the bending rigidity coefficient. Specifically, the slow but delivering high-contrast CLSM was compared with the fast but producing low-contrast images spinning disk confocal microscopy (SDM). The latter delivers almost instantaneously the images of the entire vesicle, while the former produces images, which are smeared in time. The aim of presented studies was to estimate the effect of an image acquisition technique and image processing method on the experimentally determined bending rigidity coefficient of POPC and DOPC lipid bilayers. In addition, the effect of sucrose of the bending rigidity coefficient of the two membranes was measured.
Materials and methods

Materials
Lipids (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)), NBD-PC (1-acyl-2-(6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl)-sn-glycero-3-phosphocholine) and Rhodamine PE (18:1 Liss Rhod PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt) were purchased from Avanti Polar Lipids (USA). β-BODIPY FL DHPE and Atto 488 DOPE were purchased from Life Technologies (USA) and AttoTech (Germany), respectively. Stocked solutions of lipids with fluorescent probes in chloroform were analysed with HPLC (Knauer, Germany) equipped with ELSD detector (Grace, USA) before each experiment. [32, 33] Concentrations of fluorophores were determined with UV/VIS spectroscopy using the excitations wavelengths and the extinction coefficient from probe specification sheets. The 18 ΜΩ deionized water was used in all experiments (ELGA system, Poland).
Preparation of giant unilamellar vesicles (GUV)
A modified electroformation method, originally developed by Angelova and Dimitrov, [16] was used for model lipid membranes formation. Specifically, 10 μl of POPC in chloroform (0.75 mM) mixed with 1 mol% or 0.5 mol% of fluorescent probe (for SDM or CLSM measurements, respectively) was deposited in small quantities (as 2 μl droplets) onto platinum electrodes. The organic solvent was evaporated with a stream of nitrogen and the electrodes covered with lipid film were kept for 1 h under reduced pressure to remove traces of organic solvents. Next, the electrodes were immersed in aqueous solution and exposed to the AC 1 Hz electrical field for 24 h in a PTFE (Polytetrafluoroethylene) electroformation chamber (Lipid Systems, Poland). Finally, vesicles were transferred into a PTFE observation chamber (Lipid Systems, Poland). The observation chamber design prevents the convection of liquids, therefore enabling extended microscopic observations. Typically, the average diameter of liposomes was equal to 13 ± 6 μm.
Acquisition of microscopic images
Two confocal microscopic modalities were employed in this study: spinning disk microscopy (SDM) and confocal laser scanning microscopy (CLSM). The Cell Observer SD spinning disk confocal microscope (Zeiss, Germany) was equipped with α Plan-Apochromat 100×/1.46 oil immersion objective (Zeiss, Germany). 512 × 512 pixels images were recorded with an EMCCD camera (iXon3 885, Andor, UK) using 2 × 2 binning with 0.133 μm pixel size at a rate of 33 frames per second (fps) with a video integration time of 30 ms. Samples were illuminated with 488 nm (NBD-PC, Atto 488 DOPE and β-BODIPY FL) and 561 nm (Rhodamine-PE) lasers and emitted light was passed through 527/54 and 629/62 filters, respectively. The LSM 510 Meta laser-scanning microscope (Zeiss, Germany) was equipped with a 40×/1.2 water immersion objective (Zeiss, Germany) and PMT detectors. 300 × 300 pixel images were acquired with 0.13-0.25 μm pixel size at a rate of 3-4 fps with a video integration time of 229-343 ms. Samples were illuminated with excitation wavelengths equal to 477 nm (NBD-PC), 488 nm (Atto 488 DOPE) and 514 nm (Rhodamine PE and β-BODIPY FL) and fluorescence emission was detected using appropriate cut-off filters. All samples were measured at 24 ± 1°C. All measurements have been performed in dedicated observation chamber to reduce the effect of uncontrolled vesicle movements. SDM has the value of depth of focus equal to 0.85 μm, while the depth of focus of CLSM equals to 1.38 μm. To improve further the quality of analysis the radius of vesicle was calculated for each image and when the fluctuations of radius was unacceptable large the series of images were discarded from further analysis.
Fluorescence-based vesicle fluctuation spectroscopy method
The flicker noise spectroscopy is based on the analysis of a vesicle shape fluctuations in time. The reliability of the method depends on the image quality, acquisition time, probing frequency and number of images collected. Whereas phase contrast microscopy is capable of delivering a large number of instantaneous, good quality images the CLSM produces limited number of smeared images due to extended in time acquisition and photo-bleaching effect. The acquisition speed and number of available images can be radically increased by application of SDM. However, due to shorter exposure times the SDM requires application of higher laser power causing photo-destruction of fluorescent probes. Using the SDM series of 5000-10,000 images were recorded with 33 Hz probing frequency, while 1000-2500 images were acquired with 2-3 Hz probing frequency using the standard CLSM. Example of such an image is presented in Fig. 1a . Prior any membrane fluctuation analysis images were pre-processed to remove background noise using the rolling ball algorithm (radius 10) with disabled smoothing using the ImageJ software. [34] Extraction of the membrane fluctuation spectrum required the determination of the membrane contour location. Typically, this is done by detecting contour extremes and defining contour location as equivalent to the half-height position of the sigmoidal-shape of the radial fluorescence intensity profile, [20, 35] by the location of a largest gradient in the signal intensity profile, [23] or by fitting the intensity profile with the Lorentzian function. [36] In the paper, initially the grey-scale images were smoothed using a mean filter matrix of size 5. Next, images were binarized using either Otsu or Triangle algorithms (Fig. 1b) . The approximate position of the vesicle contour was determined with the procedure based on the algorithm proposed by Suzuki. Threshold and contour determinations were performed using a software written in C++ with OpenCV (image processing library) [37] . A circle was fitted to predetermined initial vesicle contour using an algebraic procedure based on the Taubin method [38] . This provided the location of the vesicle centre. Next, using the initial non-smoothed image radial intensity profiles (typically 300) were collected and distances between the contour and the vesicle centre were calculated using the Bresenham algorithm as illustrated in Fig. 1c . Specifically, the intensity maximum along the radius of the circle was identified and the Lorentzian function was fitted to pixel intensity values around the intensity maximum. The fit was performed using the Levenberg-Marquardt algorithm [39] . Despite application of well establish image-processing methods, occasional local errors in contour detection may occur. This is due to the low level of the image/background ratio, especially frequent in images generated using the SDM. In order to eliminate such events three image processing procedures were tested. For that purpose 9 β-BODIPY-labelled POPC vesicles suspended in 75 mOsm sucrose solution were used and series of images collected using the SDM. Fig. 2 shows plots of the contour radial position as a function of the angle for DOPC vesicle, when three different image-processing methods were used. The first (smoothing) method is based on the calculation of the firstdegree polynomial regression for the contour fragment. Intensities, which differ by more than six standards deviations from the mean intensity value, were eliminated from further analysis. In the second (polynomial) method the intensity value at each point was extrapolated with polynomial function (of 9th degree) fitted to the whole contour. In cases where the intensity value differed significantly from the extrapolated value it was replaced by the value of the polynomial function. In the third (quadratic) method the quadratic interpolation of the two neighbouring contour points was used to determine contour value at a given radial angle. The three image processing methods were tested and compared on the same large set of images. Selected image of vesicles, represented as distances between the membrane contour and the vesicle centre in polar coordinates, are presented in Fig. 2 . To calculate the bending rigidity coefficient from a set of time-lapsed images a correlation between the two dimensional images and three dimensional membrane elasticity model had to be established [14] . This was achieved by means of the angular autocorrelation function ξ(γ, t) defined by Eq. 2 [21, 36] .
Cross-sectional radius ρ(ϕ, t) is the position of vesicle bilayer at a given angle φ and at a given time t; ρ(t) is an averaged vesicle radius of a given image recorded at time t using Eq. 3 as proposed by Pecreaux et al. [20] R = 〈ρ(t)〉 is the vesicle radius.
Selected autocorrelation curves for the three image processing method are presented in Fig. 3 . Thermally driven membrane undulations were then used to calculate mechanical parameters, the bending rigidity coefficient κ and membrane tension σ of the lipid membrane. All calculations were performed using the MATLAB™ 7 software. 
Results and discussion
The optimization of the image processing procedure
Membrane undulations have been quantified using two procedures: average-based and statistical approaches. [21, 24, 27, 35] In the averagebased approach the angular autocorrelation curve is represented as the Legendre polynomials according to Eq. 4, where P n are Legendre polynomial of nth degree, n max is an upper mode cutoff defined as a square root of the number of lipid molecules in a membrane of a single vesicle N lip (this value is usually limited to 30 due to smearing of the membrane contour in recorded images [36] ) and coefficients B n (t) are interpreted as amplitudes derived in the decomposition of the angular correlation function in the Legendre polynomial series.
Since only positive values of B n (t) had physical meaning, 〈B n (t)〉 is an average over positive B n (t). The numerical values of coefficients 〈B n (t) 〉 extracted from experimental images are related to physical events such as changes of the vesicle radius ρ(t) (n = 0) or changes of the position of the vesicle centre of mass (n = 1). Thermal fluctuations were assigned to second and higher modes. Recorded GUV images have been averaged over the image acquisition time t s , therefore, it was not possible to obtain the exact values of B n coefficients, instead, only the averaged values were available B n ' = f n corr B n . [24] The correction factor f n corr is defined by Eq. 5, where t s is the image acquisition time, a value specific for each type of microscope (for the SDM t s = 30 ms), and τ n m is the correlation time defined by Eq. 6, where η is the viscosity of the medium surrounding the vesicle membrane, k is Boltzmann constant and T is temperature. By combining Eq. 5 with definition of B n ' the Eq. 7 is obtained. The Eq. 7 can be used to calculate the correlation time τ n m .
For images obtained using the SDM correction factors, for all modes and all image processing methods, were equal or higher than 0.999 indicating the high quality of the recovered vesicle contour.
Fitting Eq. 8 to experimental values of amplitudes using the Levenberg-Marquardt algorithm produced the bending rigidity κ and membrane tension σ values. In the fitting procedure the first few modes were omitted since their high level of uncertainty would distort the value of the calculated bending rigidity. High modes (n N 30) were also discarded due to their low detection levels. In Eq. 8 reduced membrane tension σ defined by Eq. 9 was used to maintain the same magnitude of numerical values. This has reduced the occurrence of the 'machine epsilon' effect in computations.
Values of 〈B n (t) 〉coefficients plotted as a function of mode, along with fitted theoretical curves, are presented in Fig. 4 . For contours, determined using the smoothing method, the calculated value of the bending rigidity coefficient (determined for 9 POPC vesicles in sucrose) equalled to (175 ± 210) ⋅ k b T (corresponding to κ =(72±86)⋅ 10 −20 J) and the value of the reduced membrane tension σ equalled to 1.7. For the contour of vesicles cross-sections, processed using the polynomial extrapolation method, the bending rigidity coefficient equalled to (31 ± 11) ⋅ k b T (corresponding to κ = (13.0 ± 4.5) ⋅ 10 −20 J) and the value of the reduced membrane tension, σ , equalled to 1.4. When contour was determined using the quadratic interpolation method, bending coefficient was equal to (48 ± 38) ⋅ k b T (corresponding to κ = (20.0 ± 15.7)⋅ 10 −20 J) and reduced membrane tension, σ , equalled to 1.8. Only contours treated with extrapolation method provided the measured bending coefficient values within the range expected for POPC vesicles. The statistical approach, proposed by Meleard et al., [36] took into account overall distribution of shape fluctuations, which were used for the determination of the bending rigidity coefficient κ. [40, 41] In this approach autocorrelation curves represented by the Eq. 10 were represented as a Fourier series, in which sine components were omitted (curves are even functions). Amplitudes of cosine functions for each frame of a given mode m, χ m (t), were histogrammed and fitted by mono-exponential distributions Γ m (χ m ) (Eq. 11, Fig. 5 ). Frequencies in the distribution were adjusted with a normalization factor equal to the number of counts of the largest frequency.
The mono-exponential character of distributions suggests that the model adequately describes the thermal fluctuation of the membrane. Fig. 5 shows frequency distributions Γ m of shape fluctuations for selected amplitudes when images were treated with different image processing methods. The figure shows that the polynomial extrapolation method produced results that were best fitted with the mono-exponential function. For that reason the polynomial extrapolation method was used for further analysis. To determine bending rigidity coefficient from distributions, decays were fitted using mono-exponential function. Fits were carried out for Γ m ranging from 0.6 to 0.08 as suggested by Meleard et al. [36] . Amplitudes bigger than 0.6 were omitted since they are statistically insignificant due to the low probability of occurrence. Amplitudes smaller than 0.08 are too close to the resolution limit therefore they are also omitted. The quality of fitting was evaluated with residual values calculated according to Eq. 12.
In order to derive Eq. 12, Eq. The bending rigidity coefficient can be determine by fitting the Eq. 13 to experimentally determined R m values, where σ wh is a superposition of white noise, defined by the optical resolution of microscope, and the electronic noise, generated by the video camera, as defined by H. Bouvrais [42] . P m n are, normalized according to Eq. 14, Legendre polynomials P n m . Finally, λ n ðσ Þ is the function dependent on the reduced membrane tension as defined by Eq. 15. 
The R m values plotted as a function of mode, along with fitted Eq. 13, are presented in Fig. 6 . The calculated value of the bending rigidity coefficient depends on the method used to process vesicle images. Specifically, when the liposome image was processed using the smoothing method the value of bending rigidity coefficient of 9 analysed vesicles was equal to (5± 3) ⋅ k b T (κ =(1.9±1.3)⋅ 10 −20 J) and the value of the reduced membrane tension σ equalled to 1.9. When vesicle image was treated with the polynomial extrapolation method the derived value of bending rigidity coefficient was equal to (37 ± 15) ⋅ k b T (κ = (15.1 ± 6.3) ⋅ 10 −20 J) and the value of the reduced membrane tension σ was equal to 1.9, but when the interpolation method was used the value of the bending rigidity coefficient was equal to (19 ± 9) ⋅ k b T (κ =(8±4)⋅ 10 −20 J) and the value of the reduced membrane tension σ was equal to 2. In both, interpolation and smoothing, image processing methods values of bending rigidity coefficient calculated using the average-based and statistical approaches were differed. Only the polynomial image processing method delivered consistent results therefore it has been selected for further analysis.
The effect of geometrical uncertainty of vesicle image reconstruction on the determined values of bending rigidity coefficient
The accuracy of the bending rigidity coefficient measurements depends mainly on the shape of autocorrelation curve, which is related to recurrence of fluctuations of given mode. This depends on the precision of the reconstruction of the vesicle geometry. It has been demonstrated previously by Loftus et al. [29] that certain alterations of membrane images did not affect much the value of the bending rigidity coefficient. The effect of image imperfections on autocorrelation curve and consequently the value of the bending rigidity coefficient was tested using controlled image distortion procedure. Specifically, the contour fragment was substituted with a set of random intensity values drown from the range of all intensities of the contour to simulate either poorly illuminated vesicle fragment or miss-detection of the bilayer edge. The increasing fraction of the vesicle contour was altered and the bending rigidity coefficient calculated. The dependence of the bending rigidity coefficient value on the size of the image distortion, calculated using both, average-based and statistical approaches, are presented in Fig. 7 . Results show that the statistical approach is more resilient to contour distortion than averaged-based approach since distorted contour length of 0.13 rad (2% of the whole contour length) was required to alter significantly the value of the bending rigidity coefficient. The average-based approach was more sensitive to the contour distortion since 0.06 rad distortion (1% of the whole contour) was sufficient to alter bending rigidity coefficient value. Since radial distances, used to evaluate the membrane fluctuation, may be affected by the precise location of vesicle centre we assessed the dependence of the value of the bending rigidity coefficient on the distortion of the centre positioning. Fig. 8 shows the effect of the vesicle centre repositioning on the determined value of the bending rigidity coefficient calculated with both; average-based and statistical approaches. We found that the value of bending rigidity coefficient, determined using the statistical method, was not sensitive to changes in the location of the vesicle centre. The variation in the vesicle centre location resulted only with an increase of an uncertainty value of the bending rigidity coefficient (Fig. 8b) . The average-based approach, on the other hand, was very sensitive to the repositioning of the vesicle centre being detectable when the centre position was changed by as little as 3 pixels (Fig. 8a) . The presented results demonstrate the importance of the image processing method and the model of membrane elasticity used for the evaluation of bending rigidity coefficient of the membrane.
Effects of imaging acquisition method and fluorescent probe type on the determined bending rigidity value
The evaluation of the lipid bilayer mechanical properties using the flicker noise spectroscopy requires acquisition of a series of a large number of images. To increase the probing frequency, which is low for the standard CLSM, the SDM was used. Improved sampling rate, resulting from the increased acquisition speed, was accompanied by the decreased image quality and elevated photo-damage of the fluorophore. Surprisingly, the determined value of the bending rigidity coefficient has not depended on the image acquisition time showing that the probing frequency of the fluctuating membrane is insignificant, as long as enough images were collected so the distribution functions would be correctly determined. The other source of experimental uncertainty may result from the construction of the experimental system itself. All images used for the analysis were based on the fluorescence of a probe incorporated into or associated with the membrane. The fluorescence intensity is sensitive to variety of factors such as photobleaching, polarity of the immediate vicinity of the fluorescent moiety or properties of the aqueous phase, which may affect the probe location with respect to the membrane surface [43, 44] . It has been demonstrated previously that fluorescent probes at concentrations up to 2 mol% do not affect mechanical properties of the lipid bilayer [36] . To confirm this observation in our experimental setups POPC liposomes in 75 mOsm sucrose solution were labelled with four different fluorescent moieties (Atto-DOPE 488, β-BODIPY FL DHPE, NBD-PC and Rhodamine-PE). All tested fluorophores were covalently attached to lipid molecules albeit at different locations with respect to the membrane surface. Specifically, β-BODIPY and NBD moieties are located within the interface of the lipid bilayer [45, 46] . Hydrophobic Atto moiety is located in the membrane hydrophobic core, [47, 48] whereas hydrophilic rhodamine is located in the aqueous phase adjacent to the membrane surface [49] . Such diversified set of fluorescent probes enabled testing the effect of their physicochemical and optical properties on the determined value of the bending rigidity coefficient. The fluorescent images were acquired using both, the SDM and CLSM as described in the Methods section. The values of the bending rigidity coefficient for individual vesicle as well as their averaged values are presented in Fig. 9 . The determined value of bending rigidity coefficient did not depend on calculation method used or on the fluorophore type. The only exception was the sample where membranes were labelled with NBD-PC fluorophore and when images were acquired using the SDM. This is likely due to photobleaching of the dye, since NBD is prone to oxidation and the energy of laser used was much higher in the spinning disk system.
3.4.
The effect of aqueous phase composition on the bending rigidity coefficient of DOPC and POPC membranes DOPC and POPC lipid bilayers have been frequently used as models in biophysical studies, therefore numerous experimental data are available in the literature [17] . These data were used to evaluate the consistency of fluorescent-based image acquisition technique with the traditional, phase contrast-based method. There is an excellent agreement between experimental values of bending rigidity coefficient determine for POPC bilayer using phase contrast microscopy and fluorescence confocal microscopies. In the other experiment images of POPC and DOPC vesicles, labelled by fluorescent probe, were acquired for vesicles formed in water or 75 mOsm sucrose solution using both SDM and CLSM. The bending rigidity coefficients were calculated using both; the average-based and statistical methods. For each sample ten randomly selected vesicles were analysed. The obtained values of bending rigidity coefficients are summarized in Table 1 .
Data presented in Table 1 indicates that the bending rigidity coefficients of membrane formed from DOPC in water is smaller than the bending rigidity coefficient of POPC bilayer, which is in agreement with the data presented by others [17, 50] . The effect of sucrose on the bending rigidity coefficient of POPC membrane was similar to that observed by others for l-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) bilayers [51, 52] . Specifically the presence of sucrose has reduced the POPC membrane stiffness. Identical effect has been observed for DOPC membranes by us and others [53] . Those data show that the mechanical properties of the lipid bilayer are the result of a complex interdependences between physical parameters of the sample (temperature), lipid organization and local deformation of lipids (depending on the type of lipid used) and/or interface state (for instance organization of water adjacent to the membrane surface) [17, [54] [55] [56] [57] .
Conclusions
The flicker noise spectroscopy is a method used for the determination of mechanical properties of lipid membranes. The method is based on the quantification of membrane thermal fluctuations from a series of images acquired by phase contrast microscopy. The phase contrast microscopy is an experimental technique performing well when the analysed membrane is homogeneous. The experimental procedure presented in the paper is a modified version of the standard flicker noise spectroscopy, which uses the fluorescence as a contrast for the vesicle contour determination. The fluorescence labelling makes the visualization of any membrane heterogeneities possible. However, the image acquisition using CLSM used for the bending rigidity coefficient determination is inherently slow. To overcome this limitation SDM was used. Despite differences in image acquisition the measured values of the bending rigidity coefficient were similar for all imaging techniques used. This shows that fluorescence-based slow imaging techniques have no effect on the determined value of the bending rigidity coefficient. In addition the sensitivity of the determined value of the bending rigidity coefficient to various image imperfections, image acquisition time and fluorescence probe used was evaluated. When the membrane lipid was changed from POPC to DOPC the value of the bending rigidity coefficient decreased, showing the direct correlation between membrane mechanical properties and molecular organization of lipids. When the POPC and DOPC membranes were immersed in sucrose solution their rigidity decreased in a matter similar to that reported previously for membranes formed from SOPC. Nevertheless, the experimental protocol described in the paper opens the possibility for studies of membranes having intrinsic tendency for domain formation or where its inhomogeneity is induced by the membrane modifications with surface-active compounds (amphiphiles, peptides or proteins).
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The Transparency document associated with this article can be found, in online version. Fig. 9 . The effect of fluorescent probe used for POPC vesicle labelling on the bending rigidity coefficient. Vesicles were labelled with β-BODIPY (◄), Rhodamine (▲), Atto (►) and NBD-PC (▼) probes. Images were collected using SDM (top panels) and CLSM (bottom panels). The bending rigidity coefficient was calculated using average-based approach (panels a and c) or statistical approach (panels b and d). The left part of each plot shows values of bending rigidity coefficients obtained for single vesicles whereas the right part shows averaged values.
Table 1
The effect of the lipid and aqueous phase composition on the value of the bending rigidity coefficient [J] . The bending rigidity coefficient of POPC and DOPC lipid bilayers were determined by using the average-based and statistical approaches from images collected by a spinning disk microscope and CLSM. 
